Mice lacking expression of dynamin 1, a GTPase implicated in the fission reaction of synaptic vesicle endocytosis, fail to thrive and exhibit severe activity-dependent endocytic defects at their synapses. Here, we have used electron tomography to investigate the massive increase in clathrin-coated pit abundance that is selectively observed at a subset of synapses in dynamin 1 KO primary neuron cultures under conditions of spontaneous network activity. This increase, leading to branched tubular plasma membrane invaginations capped by clathrin-coated buds, occurs selectively at inhibitory synapses. A similar massive increase of clathrin-coated profiles (in this case, of clathrin-coated vesicles) is observed at inhibitory synapses of neurons that lack expression of synaptojanin 1, a phosphoinositide phosphatase involved in clathrin-coated vesicle uncoating. Thus, although excitatory synapses are largely spared under these conditions, inhibitory synapses are uniquely sensitive to perturbation of endocytic proteins, probably as a result of their higher levels of tonic activity leading to a buildup of clathrin-coated intermediates in these synapses. In contrast, the predominant endocytic structures observed at the majority of dynamin 1 KO synapses after acute stimulation are endosome-like intermediates that originate by a dynamin 1-independent form of endocytosis. These findings reveal a striking heterogeneity in the mode of synaptic vesicle recycling in different synapses and functional states.
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clathrin ͉ electron microscopy ͉ endocytosis ͉ synapse ͉ synaptojanin S ynaptic vesicles (SVs) are continuously regenerated by endocytosis at presynaptic nerve terminals (1) (2) (3) (4) (5) (6) (7) (8) . Strong evidence has implicated the GTPase dynamin in this recycling process, more specifically in the fission of deeply invaginated clathrin-coated buds from the plasma membrane (9) (10) (11) (12) (13) . Disruption of dynamin function in a variety of organisms and cell types has a strongly negative effect on several pathways of endocytosis (9, (13) (14) (15) (16) (17) (18) (19) . In addition, cell free studies have demonstrated the ability of dynamin to sever narrow membrane tubules, at least under certain experimental conditions (20, 21) .
Mammals express three dynamin isoforms. Dynamin 1, by far the most abundant dynamin at synapses, is surprisingly not essential for synaptic transmission and early postnatal life (15) . However, nerve terminals of neurons lacking dynamin 1 exhibit functional and structural defects that are consistent with an impairment of synaptic vesicle recycling. These include delayed internalization of synaptic vesicle membrane proteins and an increased accumulation of endocytic clathrin-coated pits (CCPs) (15) . More specifically, in primary neuronal cultures from dynamin 1 KO mice, spontaneous network activity induced an accumulation of CCPs that was on average greater than in wild-type (WT) neurons and was massive at a subset of synapses. This effect increased with cell plating density and with the age of the cultures, two conditions that favor increased neuronal connectivity and activity. Conversely, this accumulation was reversed by silencing electrical activity with the Na ϩ channel blocker tetrodotoxin (TTX) (15) .
The action of dynamin in nerve endings is thought to be tightly linked to the action of synaptojanin 1, a polyphosphoinositide phosphatase that dephosphorylates phosphatidylinositol 4,5-bisphosphate [PI(4,5)P 2 ] on endocytic membranes. PI(4,5)P 2 functions at the plasma membrane as a major membrane coreceptor for endocytic factors, including the clathrin adaptors and dynamin itself. Thus, synaptojanin 1 is thought to couple fission of endocytic vesicles to the dephosphorylation of PI(4,5)P 2 needed for the shedding of such factors (22, 23) . Nerve terminals of synaptojanin 1 KO mice, which die shortly after birth, exhibit an accumulation of clathrin-coated profiles that is reminiscent of the one observed at dynamin 1 KO synapses and is massive at a small subset of synapses, although clathrin-coated vesicles (CCVs), rather than CCPs, accumulate in these terminals (22) .
We have now further analyzed structural changes produced by the absence of dynamin 1 and synaptojanin 1 at synapses. Our results provide insight into the heterogeneity of synaptic vesicle membrane recycling mechanisms in different neuronal populations and in different functional states.
Results and Discussion
Massive Accumulation of Clathrin-Coated Pits in a Dynamin 1 KO Nerve Terminal. We have reported a partial electron tomographic reconstruction of a dynamin 1 KO nerve terminal containing a massive number of clathrin-coated structures (15) . A complete 3D reconstruction of membranous organelles in an 800-nm-thick volume of the same nerve terminal further demonstrates the profound impairment of clathrin-mediated endocytosis at the stage of deeply invaginated pits (Fig. 1) . As shown by an analysis of the 3D model (Fig. 1 A; see also supporting information (SI) Movies 1-6) and by the single tomographic slice shown in Fig.  1B (slice 245 of a total of 432 slices), the bulk of the nerve terminal is occupied by clathrin-coated profiles (green in Fig. 1  A and N) , whereas two synaptic vesicle clusters (blue spheres) occupy only a very small portion of the nerve terminal next to active zones and thus opposite to postsynaptic membranes (red). Only very few, scattered, CCVs were observed ( Fig. 1C and SI Fig. 6 A-C, pink spheres).
Within this synapse, CCPs (several hundreds) were Ϸ10-fold more abundant than SVs, whereas in control synapses CCPs represent on average Ͻ2% of SVs (numbers of SVs, CCPs, and CCVs are given in the Surprisingly, some of the tubules contained another membrane within their lumen (bright pink, indicated by small red arrows in Fig. 1 C and F) . A striking example is the large tubule indicated by a large yellow arrow in represent a great exaggeration of spinules present at normal synapses: small clathrin-coated invaginations of the plasma membrane containing an evagination from an adjacent cell (25) . Indeed such structures were observed in single sections of both WT and dynamin 1 KO cultures (Fig. 1G) .
Other membranous organelles present in the tomogram were also modeled. The endoplasmic reticulum (ER) (dark blue, Fig. 1 M and N ; SI Movie 4) formed a continuous network of tubulo-cisternal structures that were interspersed with, but clearly distinct from, the CCP-decorated tubules (see also three tomographic slices in SI Fig. 6 E-G) . Heterogeneously sized vacuoles, more abundant in proximity to the synaptic vesicle clusters and clearly disconnected from the ER, the coated pit network, and the plasma membrane likely represent endosomes or endosome-like structures (6, 26) (yellow, Fig. 1 M and N and  SI Fig. 6D) . A model of all reconstructed membrane structures within the entire 800-nm-thick tomogram is shown in Fig. 1N , SI Fig. 6 , and SI Movie 5 (see also SI Table 1 for additional details).
Comparison of Dynamin 1 KO and Synaptojanin 1 KO Nerve Terminals.
Although frequently observed in low-power EM observation of dynamin 1 KO neuronal cultures, synapses where the bulk of SVs was replaced by CCPs (such as the synapse shown in Fig. 1 ) represented a minority of the entire synaptic population (see also ref. 15) . A striking accumulation of clathrin-coated structures at only a small subset of synapses was observed in cultures of synaptojanin 1 KO neurons (22, 27) . In view of this similarity, a direct comparison was performed between the effects produced by the two genotypes relative to WT in neuronal cultures grown under similar conditions. In both KO genotypes, electron microscopy revealed a variable abundance of clathrin-coated profiles, ranging from none in sections of some terminals to a massive accumulation in sections of other terminals (Fig. 2 A-C) . Three-dimensional reconstructions from electron tomograms of 250-nm-thick sections (Fig. 2 D-F) showed that the overwhelming majority of coated profiles (green spheres) were buds in dynamin 1 KO neurons and free vesicles in synaptojanin 1 KO neurons. Electron tomography also revealed the extremely low abundance of clathrin-coated profiles in WT neurons (Fig. 2D) .
Similar increases in the extent of clathrin-coated profile (CCPs or CCVs) accumulation in dynamin 1 and synaptojanin 1 KO nerve terminals was further supported by immunofluorescence analysis. Immunoreactivity for components of clathrin coats, namely clathrin light chain, ␣-adaptin (AP-2 subunit), and AP180 (28, 29) , was much more intense and punctate relative to WT controls in both KO genotypes (Fig. 3) , a finding known to correlate with a high number of assembled coats (15) . Dynamin 3, previously shown to undergo a striking clustering in dynamin 1 KO cultures (15), was surprisingly (because one would expect release of dynamin after fission) similarly clustered in synaptojanin 1 KO cultures (Fig. 3) . The clustering of dynamin 3 in synaptojanin 1 KO neurons may arise from interactions with actin regulatory proteins (30) or the clathrin coat whose assembly is stimulated by the increase in PI(4,5)P 2 resulting from defective synaptojanin 1 function (31) . No obvious differences between WT and the two mutant genotypes were observed in the distribution of immunoreactivity for bassoon (32) , a marker of active zones of secretion used as a control (Fig. 3) . These changes in the appearance of immunoreactivity for endocytic proteins must be explained by their redistribution because their total levels in the cultures as established by SDS/PAGE and Western blotting were unchanged relative to control (15, 22) .
Clustering of Coat Proteins in Dynamin 1 KO and Synaptojanin 1 KO
Neurons Occurs Predominantly at Inhibitory Synapses. In both dynamin 1 KO and synaptojanin 1 KO neuron cultures the largest accumulation of clathrin-coated pits occurs in a subset of neurons under conditions that favor spontaneous network ac- tivity, and this accumulation is reversed by silencing electrical activity with TTX (15; data not shown). Thus, we considered the possibility that a similar subset of neurons was uniquely sensitive to endocytic perturbations produced by the absence of either dynamin 1 or synaptojanin 1 because of their high level of tonic activity. Because high levels of activity are observed in inhibitory (GABA-ergic) neuron subpopulations of the cerebral cortex (33) , and given that these neurons represent a minority of all neurons in our primary cortical cultures, the subset of dynamin 1 KO and synaptojanin 1 KO neurons with the greatest abundance of presynaptic CCPs and CCVs, respectively, might be GABAergic interneurons. When cultures of both genotypes were analyzed by double immunofluorescence to correlate abundance of clathrin coats with the neurotransmitter phenotype, the brightest and largest puncta positive for clathrin coat components and dynamin 3 colocalized with the vesicular GABA transporter (VGAT, a marker of inhibitory synapses), but not with vesicular glutamate transporters [VGLUT1, a marker of excitatory synapses ( Fig. 4 ; see also SI Fig. 7) . We conclude that under conditions of spontaneous network activity the greatest synaptic vesicle recycling defects occur in inhibitory neurons and note that enhanced levels of endocytic proteins have been reported at tonically active synapses in the lamprey nervous system (34) . Furthermore, the reversal of the presynaptic clathrin machinery clustering phenotype after treatment of dynamin 1 and synaptojanin 1 KO neurons with TTX emphasizes that these neurons maintain a synaptic vesicle recycling capacity that is adequate to keep pace with low rates of synaptic vesicle exocytosis.
Endosome-Like Structures Observed After Acute Massive Stimulation.
We next investigated whether a strong acute stimulus could induce a generalized accumulation of CCPs at all dynamin 1 KO synapses. We had previously shown that a 90-sec high K ϩ stimulation of dynamin 1 KO neurons produced a more striking reduction in total SV number than in WT neurons, leading to a nearly complete depletion of these vesicles (15) . Surprisingly, we also found that after this stimulation the abundance of nerve terminals with a massive content of clathrin-coated profiles (such as the example shown in Fig. 1 ) remained relatively low. Instead, in the great majority of other KO synapses, the bulk of SVs had been replaced by large vacuoles (compare Fig. 5 A with  B) , whose endocytic nature was demonstrated by their loading with the extracellular tracer horseradish peroxidase (HRP) added during the stimulation (Fig. 5C) . A similar change was also observed at the majority of WT synapses after stimulation.
However, the reduction of SV number and the compensatory accumulation of endocytic vacuoles was less striking in these nerve terminals (sections through WT synapses contained 5.1 Ϯ 1.0 HRP-labeled endosomes compared with 10.5 Ϯ 1.7 in KO synapses, t test P Ͻ 0.01) in these control cultures ( Fig. 5D and SI Fig. 8 ). Although the finding that during massive stimulation SV membranes are recaptured primarily by bulk endocytosis is not new (6, (35) (36) (37) (38) , the striking and unexpected result is that this process occurs in the absence of dynamin 1.
A 3D model derived from the tomographic analysis of a 500-nm-thick volume of endosome-rich KO synapses after the high K ϩ stimulation is shown in Fig. 5 E and F (see also SI Movie 6). Only a few scattered SVs (blue, Fig. 5 E and F) are present, whereas endosome-like structures (yellow) disconnected from the plasma membrane similar to those shown in Fig. 1M are extremely abundant (Fig. 5E) . Tubules connected to the plasma Procedures) were expressed as the number of puncta per 100 m 2 and then normalized for the value of control samples. In the two conditions for which n ϭ 2, the mean Ϯ standard deviation is presented. Elsewhere, the bars show the mean Ϯ SEM of multiple independent experiments (n). The y axis represents the fold of increase of puncta in dynamin 1 KO and synaptojanin KO versus their respective WT control cultures. membrane and decorated by CCPs (green) are also visible (Fig.  5 E and F) , but they clearly account for only a small fraction of internal membranes. Such strong stimulatory conditions may not favor, or may not be permissive for, efficient clathrin coat assembly, for example, because of a stimulation-dependent drop in the level of PI(4,5)P 2 (39), a critical factor in endocytic clathrin coat nucleation (29, 40, 41) .
A 10-min recovery from the 90-sec high K ϩ stimulus resulted in the re-formation of SVs and the disappearance of endosomelike intermediates both in WT and in dynamin 1 KO cultures (albeit less efficiently in KO cultures) (15) . The mechanisms underlying the conversion of endosome-like intermediates into new SVs remains an important open question. The lack of CCP accumulation on these structures both in WT, but especially in dynamin 1 KO synapses, suggests that a mechanism distinct from direct clathrin-mediated budding is involved.
The efficient formation of endosome-like structures in dynamin 1 KO synapses during a high K ϩ stimulation is surprising given that synaptopHluorin-based assays of synaptic vesicle recycling in these mutant neurons detected a profound endocytic defect during field stimulation (300 action potentials at 10 Hz) (15) . This discrepancy may reflect the different type and intensity of stimulation, because differences in endocytic pathways in response to different modes of stimulation have been reported (36, 42) . However, further studies are needed to clarify the relationship between stimulation protocols and the engagement of distinct endocytic mechanisms.
Concluding Remarks. Our findings provide new insight into structural changes produced by the absence of dynamin 1. They demonstrate a more critical dependence of inhibitory than of excitatory synapses on the clathrin-dependent synaptic vesicle recycling machinery for the maintenance of a normal pool of synaptic vesicles. They also bring into new focus long-standing questions concerning the importance of clathrin-mediated endocytosis and bulk endocytosis in SV recycling (1, 6, 37) . The spectacular accumulation of clathrin-coated profiles observed at a subset of dynamin 1 and synaptojanin 1 KO nerve terminals (predominantly or exclusively inhibitory synapses) demonstrates the presence of a very large reservoir of clathrin coat components and further establishes the importance of clathrinmediated endocytosis as a physiological mechanism of SV retrieval and re-formation that predominates under tonic activity. However, the occurrence of a dynamin 1-independent form of bulk endocytosis, which predominates in response to a prolonged depolarization stimulus and is followed by a dynamin 1-independent generation of new SVs, open new questions on recycling pathways leading to SVs that may be independent of clathrin-mediated endocytosis.
Experimental Procedures
All procedures involving mice were approved by the Yale University Institutional Animal Care and Use Committee. Primary cultures of cortical neurons were prepared from P0 -P2 brains by previously described methods, plated at a density of 15,000 -50,000 cells per cm 2 , and analyzed at 16 -26 days in vitro (15, 43) . These conditions were selected because they yielded large numbers of clathrin-coated intermediates in dynamin 1 KO neurons. Neurons were maintained in Neurobasal medium, 2% B27 supplement, 0.5 mM L-glutamine, penicillin/streptomycin (all media components from Invitrogen). For experiments involving stimulation, the neurons were preincubated for 90 sec at 37°C in 119 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2, 2 mM MgCl2, 25 mM Hepes, and 30 mM glucose, and then stimulated for 90 sec in 90 mM KCl buffer ([NaCl] reduced accordingly to maintain osmolarity) and fixed at the end of the stimulus. In some experiments HRP (10 mg/ml, Sigma) was included in the buffer and neurons were briefly rinsed (several seconds in ice-cold buffer) before fixation. HRP-positive endosomes (outer diameter, Ͼ80 nm) were counted from a total of 27 WT and 20 KO synapses from two independent WT and KO littermate cultures.
Immunofluorescence was performed on neurons fixed in 4% paraformaldehyde, 4% sucrose, 0.1 M sodium phosphate, pH 7.4, as described (15) . The following commercial antibodies were used: mouse anti ␣-adaptin (Affinity Bioreagents), mouse anti-Bassoon (Stressgen Biotechnologies), rabbit anti-VGAT, mouse anti-VGLUT1 (Synaptic Systems), guinea pig anti-VGLUT1 and mouse anti-VGLUT2 (Chemicon). Antibodies generated in the De Camilli laboratory and described include: mouse anti-AP180, mouse anti-dynamin 3, and rabbit anti-dynamin 3 (15) . Rabbit anti-clathrin light chain was a kind gift from Peter McPherson (McGill University, Montreal, Canada). Alexa488 and Alexa594 conjugated secondary antibodies were purchased from Invitrogen. The samples were examined with a Zeiss Axioplan2 microscope with a PlanApochromatic 40ϫ objective. Images of randomly selected KO and control neurons were acquired with a Hamamatsu ORCA II digital camera under the same gain and exposure parameters. The images were processed with MetaMorph v7.1.2 (Molecular Devices) using the application Count Nuclei able to detect bright fluorescent puncta over a diffuse background. For each experiment (n ϭ 1), between 10 and 20 regions of interest were analyzed from a single culture from the respective WT and KO genotypes.
For electron microscopy cells were fixed with 1.3% glutaraldehyde in 66 mM sodium cacodylate buffer, postfixed in 1% OsO 4, 1.5% K4Fe(CN)6, 0.1M sodium cacodylate, stained with 0.5% uranyl magnesium acetate, dehydrated, and embedded in Embed 812. Where indicated, HRP reactions were developed with diaminobenzidene and H 2O2 after the glutaraldehyde fixation step. Electron microscopy reagents were purchased from Electron Microscopy Sciences. Ultrathin sections were observed in a Philips CM10 microscope at 80 kV and images were taken with a Morada 2k ϫ 2k CCD camera (Olympus).
For electron tomography, 200-nm-thick and 250-nm-thick sections were examined in either a TECNAI F20 or a F30 intermediate-voltage microscope operating at 200 kV or 300 kV (Boulder Laboratory for 3-D Electron Microscopy of Cells, University of Colorado). Tilt series data for each section were recorded around two orthogonal axes (1°intervals over a Ϯ 60°for each axis) by using the Serial-EM image acquisition program (44) and a Gatan 2k ϫ 2k CCD camera at a pixel size of 1 nm. Tomograms from up to four serial sections were computed and joined by using the IMOD software package (44, 45) . The resolution of all reconstructed tomograms in 3D was 4 -6 nm. Subcellular structures within the 3D volume were segmented and their surfaces were modeled. For the generation of the final models, contours of membranes were traced manually, but small vesicular structures SVs, CCVs, and CCPs were displayed as spheres.
